Background and aim: Although sitafloxacin (STFX)-containing regimens are effective rescue treatments for Helicobacter pylori infection, prevalence of fluoroquinolone resistance in H. pylori has increased rapidly worldwide. The change in resistance levels and gyrA mutations, a major cause of fluoroquinolone resistance, after unsuccessful STFX-containing treatment has not been investigated. Methods: We conducted a retrospective, non-randomized study to compare the minimum inhibitory concentrations (MICs) of STFX and the location of gyrA mutations in H. pylori before and after unsuccessful eradication with STFX-containing regimens at Keio University Hospital between December 2011 and March 2015.
Introduction
Fluoroquinolone-containing triple therapies have been a well-conducted option as a rescue treatment after failure of standard first-line and second-line eradication therapies against Helicobacter pylori infection. 1 The efficacy of levofloxacin-containing triple therapy is limited, however, by a high prevalence of fluoroquinolone resistance.
2 Sitafloxacin (STFX), a novel developed quinolone, exhibits potent activity against H. pylori with gyrA mutations. 3 STFX-containing therapy is clearly more effective than levofloxacin-containing therapy as a third-line treatment; therefore, STFX-containing therapy is highly recommended as a third-line treatment in Japan. [4] [5] [6] Mutations in gyrA play a critical role in fluoroquinolone resistance in H. pylori. 7, 8 The position of the gyrA mutation is usually limited to N87 or D91, both of which are in the DNAbinding region on the N-terminal domain of the gyrA protein, which includes fluoroquinolone-binding sites. 8 Thus far, strains with double mutations at both N87 and D91 in gyrA are quite rare. 9 We reported a greater than 96% successful eradication rate with STFX-containing therapies in patients infected with gyrA mutation-negative strains. 4, 5 In addition, the eradication rate was approximately 70% even in patients infected with gyrA mutationpositive strains when STFX-containing therapies were used as a third-line regimen.
Thus, to maintain susceptibility of STFX in H. pylori, it is important to know the mechanism for the development of STFX resistance. However, whether exposure to STFX-containing therapies leads to further resistance through acquisition of a second gyrA mutation has not been studied. We assessed changes in the location of gyrA mutations and the minimum inhibitory concentration (MIC) for STFX in H. pylori after unsuccessful treatment with STFX-containing regimens.
Materials and methods

Study design and study population
We conducted a retrospective, non-randomized study to compare the MICs of STFX in H. pylori before and after unsuccessful eradication with STFX-containing regimens at Keio University Hospital between December 2011 and March 2015. We analyzed the data collected in our previous clinical trials to evaluate the eradication rates of STFX-contained regimens (UMIN000001558, UMIN000006483, UMIN000013194, UMIN000013195). All participants in this study gave written informed consent for the previous studies, and were given an opportunity to opt out of this study. The protocol for this study was approved by the ethics committee of the Keio University School of Medicine (No. 20150384; January 29, 2016), and conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a prior approval by the institution's human research committee.
Susceptibility of H. pylori to antimicrobial agents and detection of gyrA mutation The susceptibility of the isolated H. pylori to STFX was determined by the agar dilution method according to the guidelines established by the Clinical and Laboratory Standards Institute (CLSI). 10 To identify the gyrA mutation status, we isolated H. pylori chromosomal and plasmid DNA using previously described methods.
11 Then, we amplified by polymerase chain reaction (PCR) and sequenced the ''quinolone resistance-determining region (QRDR)'' of the gyrA (from codon 38 to 154) gene; gyrA (forward), 5 0 -TTTRG CTTATTCMATGAGCGT-3 0 ; gyrA (reverse), 5 0 -GC AGACGGCTTGGTARAATA-3 0 . PCR was performed with 35 cycles of denaturation at 94 C for 30 seconds (s), annealing at 52 C for 30 s, and extension at 72 C for one minute. 4, 5, 8, 12 PCR products for sequencing were purified with a QIAquick Gel Extraction Kit (QIAGEN). PCR templates of all strains were sequenced directly on both strands by the BigDye Terminator Cycle Sequencing method using the Applied Biosystems 3100 Genetic Analyzer (Applied Biosystems). The obtained sequences were compared with the published sequences of the H. pylori gyrA gene (GenBank accession no. L29481). 13 The MIC defining the antimicrobial resistance of H. pylori was defined as 0.12 mg/ml for STFX based on our previous reports.
5,14
Statistical analysis
Comparisons between the factors affecting eradication rates were conducted with the Fisher's exact test, the Student's t test and Wilcoxon signed-rank test, as appropriate. Statistical analyses were performed using SPSS 24 for Windows (SPSS Inc, Chicago, IL, USA). Data are expressed as means AE standard deviations. P values smaller than 0.05 were regarded as statistically significant.
Results
Patient characteristics
A total of 266 patients were treated with STFXcontaining regimens for third-line H. pylori eradication, and 49 patients failed treatment. Characteristics of the 266 strains before STFX-containing treatment are shown in Table 1 . There was no double mutation detected in gyrA prior to treatment. The rate of resistant strains to STFX among the strains mutated at N87 was significantly higher than that of D91 (88.1% (89/101) vs. 64.5% (40/62), p < 0.001). The eradication rate in the patients infected with the strains mutated at N87 was significantly lower than in those mutated at D91 (65.3% (66/101) vs. 82.3% (51/62), p ¼ 0.02). Eighty, 80 and 106 strains were treated with sevenday rabeprazole, amoxicillin and sitafloxacin triple regimen (RAS), 10-day esomeprazole, amoxicillin and sitafloxacin triple regimen (EAS) and 10-day esomeprazole, metronidazole and sitafloxacin triple regimen (EMS), respectively.
Among the 49 patients with treatment failure, 25 patients were excluded because they discontinued treatment. H. pylori from these patients could not be detected by culture after treatment. Twenty-four patients who had undergone drug susceptibility testing for STFX, and gyrA gene sequencing before and after the treatments were analyzed for changes in STFX MICs and gyrA mutations after treatment (Figure 1 ). Among the 24 pre-treatment strains, there were 18 strains with gyrA mutation at N87 and 5 strains at D91, respectively. One strain was not found to have a mutation in gyrA. Correlation between gyrA mutation status and minimal inhibitory concentrations of STFX A total of 266 pre-treatment strains and 24 posttreatment failure strains were analyzed. The difference in the average MIC for each gyrA mutation position is shown in Figure 2 . The average MIC of the gyrA double-mutant strains was 5.60 mg/ml (95% confidence interval (CI), 1.52-9.68 mg/ml), that of the gyrA-N87 mutant strains was 0.38 mg/ml (95% CI, 0.22-0.55 mg/ml), that of the gyrA-D91 mutant strains was 0.23 mg/ml (95% CI, 0.13-0.34 mg/ml) and that of the wild-type strains was 0.03 mg/ml (95% CI, 0.02-0.05 mg/ml). The MICs of double-mutated strains were significantly higher than those of single (N87 only or D91 only)-mutated strains (double vs. N87 only, p ¼ 0.02; double vs. D91 only, p ¼ 0.02). The MICs of the gyrA single mutation subtypes are shown in Figure 3 . No significant differences were observed among any subgroups analyzed. Changes in minimum inhibitory concentrations of STFX and gyrA mutation after treatments
Differences in the MICs of STFX before and after treatment in the patients in whom eradication failed are shown in Figure 4 . Five of 24 strains (20.8%) acquired double mutations in gyrA after treatment. The MICs of STFX for the double-mutant strains after treatment were significantly higher than before treatment (5.60 mg/ml vs. 0.83 mg/ml, p ¼ 0.02, Wilcoxon signed-rank test, Figure 3(a) ). On the other hand, the MICs of STFX for the single-mutant strains and the strain without a mutation were not significantly increased (0.24 mg/ml vs. 0.43 mg/ml, p ¼ 0.32, Wilcoxon signed-rank test, Figure 3(b) ). Among the strains that acquired double mutations, four were mutated at N87 and D91, whereas the remaining strain was mutated at N87 and A88. The locations of the amino acid substitutions of these five cases were N87I (A260T) and D91Y (G271T), N87K (C261G) and D91Y (G271T), N87Y (A259T) and D91Y (G271T), N87K (C261A) and D91Y (G271T), N87K (C261A) and A88P (G262C) (Supplementary Table 1 ). In strains with a mutation at position N87 prior to treatment, 11.1% (2/18) acquired a secondary mutation during treatment. Conversely, 60.0% (3/5) of strains with a mutation at position D91 prior to treatment acquired a secondary mutation. Among these, all the double-mutant strains were derived from D91Y-mutated strains. One strain (1.3%) acquired a second mutation among the strains treated with RAS, two strains (2.5%) in EAS and two strains (1.9%) in EMS, respectively. There were no significant differences in the frequency of acquisition of the second mutation between amoxicillin-containing regimens and metronidazole-containing regimens (p ¼ 1.00). And, there were no significant differences between rabeprazole-containing regimens and esomeprazole-containing regimens (p ¼ 1.00).
Discussion
Our results clearly revealed that the acquisition of double mutations in gyrA in H. pylori led to increased resistance to STFX. In contrast, strains in which the position of the mutation did not change during treatment did not acquire increased resistance to STFX. Although there are few reports of acquired double mutations in gyrA, Tankovic et al. reported two strains with double mutations in gyrA that were highly resistant to fluoroquinolones. 15 Our study showed that STFX-containing regimens might lead to the accumulation of double mutations in gyrA with a certain degree of probability. Since both N87 and D91 are binding sites for fluoroquinolones, 8 it is reasonable that the N87 and D91 double mutation would provide stronger resistance to STFX than either mutation alone. In addition, we showed that a novel doublemutant strain (N87 and A88) was resistant to a high concentration of STFX.
We previously showed that the eradication rates of N87-mutated strains were lower than those of D91-mutated strains, 5 and this finding was confirmed in this study ( Table 1 ). The present study indicates that N87-mutated strains, however, generally do not acquire a secondary mutation after treatment failure. In contrast, the D91-mutated strains were more likely to gain resistance to fluoroquinolones via the acquisition of a secondary mutation in gyrA. Comparing the D91-mutated strains, the eradication rates of D91Y-mutants (66%-70%) were lower than those of D91N and D91G mutants (80%-100%). 4, 5 In this study, three of four (75%) D91Y-mutated strains acquired a double mutation during failed STFX-containing therapy. Hence, careful consideration is needed before prescribing STFX-containing regimens for the eradication of D91Y-mutated H. pylori strains. If other regimens that do not contain STFX are available, such regimens should be prioritized in these cases. Furthermore, gyrA mutation status should be evaluated before prescribing STFX-containing regimens.
Stool analysis can provide a noninvasive means to obtain H. pylori DNA, 16 thus the position of the gyrA mutation can be accessed more easily and cost-effectively than the methods for assessment of drug susceptibility using gastric biopsy specimens. Although it is clear that the acquisition of a second mutation in gyrA causes increased resistance to STFX in this study, the reason some single-mutant strains showed high resistance remains unclear. In H. pylori, gyrA is the only confirmed direct gene target of fluoroquinolones. Regarding mutations in other genes, previous reports showed that fluoroquinolone resistance was not associated with gyrB mutations in H. pylori. 5, 9, 15 The genes encoding topoisomerase IV (parC/parE) mutations are representative resistant mechanisms for fluoroquinolones in several bacteria; however, the absence of genes for topoisomerase IV (parC, parE) in H. pylori has been demonstrated. 17 Further studies are needed to clarify fluoroquinolone resistance mechanisms beyond gyrA.
In conclusion, some H. pylori strains treated with regimens containing STFX acquired a double mutation in gyrA, which led to increased resistance to STFX. Although single-mutant strains might be eradicated with fluoroquinolone-based regimens in combination with other drugs, double-mutant strains should be assumed to be difficult to eradicate with fluoroquinolone-containing regimens as a next rescue therapy. To prevent the development of a double mutation in H. pylori gyrA, we should ideally optimize third-line eradication strategies by assessing gyrA mutation status before treatment.
